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Abstract 
Positron Annihilation Spectra (PAS), Raman, and Photoluminescence spectroscopy reveal that Si0.5Ge0.5/Si interface quality 
can be significantly improved by the process of low energy plasma cleaning with hydrogen. In the PAS detection, the 
particularly small value of lifetime and intensity near the Si0.5Ge0.5/Si interface in the sample with the treatment indicate that 
the defect concentration is successfully reduced 2.25 times. Fewer defects existed in the interface result in the high 
compressive strain about 0.36 % in the top epi-Si0.5Ge0.5 layer, which can be observed in the Raman spectra detection, and 
stronger radiative recombination rate about 1.39 times for the infrared emission, which can be observed in the 
photoluminescence spectra. With better interface quality, the SiGe-based devices can have better optical and electrical 
characteristics for more applications such as solar cells industry. The PAS is also demonstrated that it is the useful 
methodology tool to quantify the defect information in the SiGe-based devices. 
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Introduction 
Recently, SiGe-based optical devices, including SiGe solar cells and SiGe light-emitting diodes (LEDs) [1], 
and SiGe-based electrical devices [2] are great interested for the scientific research. The interface quality 
between epi-SiGe layer and Si substrate is very important for devices fabrication. Previously, we used the 
Raman spectroscopy [3-5] and electroluminescence spectroscopy [6] to investigate the diffusion model [7] and 
monitor the interface quality of Ge/Si, respectively. On the other hand, Positron Annihilation Spectra (PAS) [8] 
is a useful metrology tool to extract the defect information including defect size and defect concentration. Here 
we extract and analyze the defect information quantitatively on our Si0.5Ge0.5/Si samples by PAS, 
photoluminescence (PL), and Raman spectroscopy. It is also found that the low energy plasma cleaning process 
using hydrogen (LEPC) before the deposition of the epi-SiGe layer to reduce the defect concentration and 
improve the interface quality, significantly. The effect of (LEPC) on the substrate and on-top grown layer is 
manifold. As we known, it removes the native silicon dioxide and hydrocarbons effectively, resulting in a clean 
silicon surface terminated with hydrogen atoms [10-12]. 
Experiment 
The samples have a structure consisting of epi-Si0.5Ge0.5 (~30 nm) layer on the Si substrate, which is grown by 
the ultra-high-vacuum chemical vapor deposition (UHV/CVD) at the temperature of 525 oC under the Stranski-
Krastanov (SK) growth mode [6]. Before the deposition of epi-Si0.5Ge0.5 layer on the Si substrate, the modified 
residual gas analysis (RCA) cleans˖10 min at 700 oC in 5˖1˖1 H2O˖H2O2˖NH4OH for organic, 
particulate, and heavy metal contamination and 10 mins at 70 0C in 5˖1˖1 H2O˖H2O2:HCI for ionic 
contaminants, with intermediate HF dips and DI rinses. There is a final dilute 1:40 HF: H2O dip followed by a 
30-s DI water rinse and N2 dry, prior to wafer loading into the vacuum chamber to remove as much of the 
native oxide as possible. The RCA clean followed by the HF dip has consistently produced the best results to 
date. One sample having the following LEPC treatment is called as Sample B. the other without this treatment 
is named as Sample A. For the LEPC process, the in situ clean of the Si surface is achieved by plasma excited 
H2. The H2 can be introduced either through the plasma column for remote plasma excitation or through the gas 
dispersal ring for indirect excitation by remote plasma excited Ar or He atoms. We used an excellent in situ 
cleaning using remote plasma excitation of hydrogen. Hydrogen in situ cleaning parameters has been utilized. 
These include hydrogen flow rates of 100 sccm, hydrogen partial pressures of 30 mTorr, RF power of 50 W, 
and substrate temperature of 300 0C during the LEPC process. In the LEPC process, the hydrogen can act as a 
surfactant during the growth of SiGe and suppress the island formation of Ge on the substrates. The effect of 
adsorbed atomic hydrogen on the evolution of SiGe films on Si (001) substrates is to effectively suppress the 
clustering of SiGe and defect formation during the process. Although the thickness range (~30 nm) used here is 
beyond the critical thickness predicted by the Matthews–Blakeslee theory, it is needed to note that the misfit 
dislocations are kinetically inhibited due to the low growth temperature hydrogen-surfactant epitaxy [7] in this 
work. The spectroscopy of positron annihilation, PL, and Raman is used to analyze and quantify the defect 
information near the SiGe/Si interface. For the PALS measurement, positrons in the energy range from 0 to 30 
keV were implanted into our two samples: Sample A is without the treatment and Sample B is with the 
treatment before the deposition of the epi- Si0.5Ge0.5 layer. A conventional fast coincidence spectrometer with a 
time resolution of 250 ps was used for PALS measurements. The positron source (10 ȝCi) 22Na was deposited 
in an envelope of Kapton foils (6 ȝm thick) and then sandwiched in between sufficient thickness of the samples. 
One million counts were recorded at each PALS spectrum for a typical period of acquisition of 3~5 h. In the 
conventional analysis, the PATFIT-88 program was employed and the PALS spectra were typically analyzed 
into three components with their intensities in polymers or into four components in zeolite systems. Source 
correction terms were made from each spectrum in data analysis [8, 9]. This slow beam has been calibrated and 
its performance is as good as or better than that of existing radioisotope beams: slow positron converting 
330   C.F. Hsieh et al. /  Procedia Engineering  79 ( 2014 )  328 – 332 
efficiency = 6 x 10-4, beam diameter < 5 mm using PC control focus for positron energies 0-30 keV. The 
positron annihilation spectroscopies are used in this study: Doppler energy broadening spectroscopy (DBES). 
The S parameter from DBES represents the relative value of the free volume depth profile in ours sample 
which are defined as the ratio of low momentum part of the peak region to the total 2Ĳ annihilation near 511 
keV energy.  
Results and Discussions 
Fig. 1 (a) and Fig. 1 (b) show the cross-section transmission electron microscopy (TEM) images on our two 
samples, consisting of epi-Si0.5Ge0.5 (~30 nm) layer on the Si substrate, without (Sample A) and with the LEPC 
process using hydrogen (Sample B) before the epi-Si0.5Ge0.5 layer deposition, respectively. The lattice 
mismatch between the Si0.5Ge0.5 layer and Si substrate is about ~2 %. It leads to the serious defect and 
dislocation line in our control sample (Sample A) near the Si0.5Ge0.5/Si interface as shown in the Fig. 1 (a). 
With the LEPC process using hydrogen treatment, the Si0.5Ge0.5/Si interface quality in the Sample B can be 
sufficiently improved as observed in the Fig. 1 (b). It can be found that there is almost no defect and dislocation 
line near the Si0.5Ge0.5/Si interface with the treatment. This observation is also double confirmed by the TEM 
images with the weak beam method. In order to quantify the defect type and concentration in these two samples, 
Doppler broadening energy spectroscopy (DBES) [8] for these two samples are tested and shown in the Fig. 2. 
The smaller S parameter in the Sample B indicates that Sample B with the LEPC process treatment indeed has 
the less defect and better epi-Si0.5Ge0.5 layer quality than that of the Sample A. The spectra of the lifetime on 
positrons are measured from 0 to 30 keV and then decomposed into two components. Fig. 3 (a) shows the 
experimental result. By using the derived values, we could estimate the lifetime of a positron from the free state, 
Ĳb. It is calculated to be about 230 ps in our SiGe samples. On the other hand, the derived defect lifetime, Ĳd, is 
found to be close to the lifetime of trapped positrons about 340 ps. The defect concentration [13] along the 
sample depth direction on these two samples can be extracted using the formulas as below and the results have 
been shown in the Fig. 3 (b) for the reference. 
 
Fig. 1. The cross-section transmission electron microscopy (TEM) images for the sample with and without the LEPC process treatment 
using Hydrogen. 










Fig. 2. Doppler broadening energy spectroscopy (DBES) for the sample with and without the LEPC process treatment using Hydrogen. 
 
Fig. 3 (a) defect lifetime and (b) extracted defect concentration in our two samples. The defect concentration near the SiGe/Si interface 
with the LEPC process treatment using Hydrogen can be reduced successfully from 4.5 x 1017 cm-3 to 2 x 1017 cm-3 (about 2.25 times), 
respectively. 
Conclusions 
With the LEPC process treatment using hydrogen, the quality of Si0.5Ge0.5/Si interface can be improved 
dramatically. The PALS spectra shows that the defect concentration near the interface with the treatment can be 
reduced from 4.5 x 1017 cm-3 to 2 x 1017 cm-3. The high compressive strain (~0.36 % strain) in the epi- Si0.5Ge0.5 
layer, observed in the Raman spectra, indicates that the top epi-layer has the good quality. The good interface 
quality between the Si substrate and the epi-Si0.5Ge0.5 layer leads to higher radiative infrared emission in the PL 
spectra. The high SiGe/Si interface quality can make SiGe-based devices such as solar cells and LEDs have 
more important applications. Positron Annihilation Lifetime Spectra (PALS) is also demonstrated as a useful 
methodology tool to extract the defect information in the SiGe-based devices. 
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